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FoUistatins play roles in diverse biological processes includ- 
ing cell proliferation, wound healing, inflammation, and skel- 
etal muscle growth, yet their role in the heart is currently 
unknown. We have investigated the myocardial expression 
profile and cellular distribution of foUistatin (FST) and the 
FST-like genes FSTLl and FSTL3 in the normal and failing 
heart. Expression was further analyzed in the novel setting of 
recovery from heart failure in myocardium obtained from 
patients who received combined mechanical (left ventricular 
assist device) and pharmacological therapy. Real-time PCR 
revealed that FSTLl and FSTL3 expression was elevated in 
heart failure but returned to normal after recovery. FSTL3 
expression levels correlated with molecular markers of disease 
severity and FSTLl with the endothelial cell marker CD31, sug- 
gesting a potential link with vascularization. FSTLl levels be- 
fore treatment correlated with cardiac function after recovery. 



suggesting initial levels may influence long-term outcome. Im- 
munohistochemistry revealed that FST was primarily localized 
to fibroblasts and vascular endothelium within the heart, 
whereas FSTLl was localized to myocytes, endothelium, and 
smooth muscle cells and FSLT3 to myocytes and endothe- 
lium. Microarray analysis revealed that FST and FSTLl 
were associated with extracellular matrix-related and cal- 
cium-binding proteins, whereas FSTL3 was associated mainly 
with cell signaling and transcription. These data show for the 
first time that elevated myocardial expression of FST-like 
genes is a feature of heart failure and may be linked to both 
disease severity and mechanisms underlying recovery, re- 
vealing new insight into the pathogenesis of heart failure and 
offering novel therapeutic targets. (Endocrinology 149: 
5822-6827, 2008) 



HEARTFAILURE REMAINS a major cause of morbidity and 
mortality and is cliaracterized by molecular, cellular, and 
physiological chanj^es in the myocardium resulting in cardiac 
myocyte hypertrophy, diamber dilation, and adverse ventricular 
remodeling leading ultimately to end-stage dilated cardiomyop- 
athy (1). Although generally considered unidirectional, it is now 
recognized that myocardial remodeling and end-stage heart fail- 
ure can in some cases be reversed after mechanical unloading of 
the heart using left ventricular assist devices (LVAD). We recently 
described a combination therapy in which LVAD and pharma- 
cological agents were used in an attempt to maximize recovery in 
end-stage dilated cardiomyopathy patients with two thirds of pa- 
tients showing improvement sufficient to allow LVAD removal 
(2). The molecular mechanisms underlying heart failure and its 
reversal remain unclear. 

Follistatin (FST) and the related proteins FST-Iike-1 (FSTLl, 
also known as TSC-36/FRP/Flik) and FSTL3 (also known as 
FRP/FLRG) act by neutralizing activins, members of the TGFjS 
family that are implicated in diverse biological processes in- 
cluding cell proKferation and differentiation, wound healing. 
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inflammation, and fibrosis (3). Activins may contribute directly 
to the pathogenesis of heart failure because they are elevated in 
serum from heart failure patients, are increased in cardiomy- 
0C5^es after experimental myocardial infarction, and can act to 
inhibit sarcomere organization (4, 5). In addition to their role in 
regulating activin, follistatins have been implicated in skeletal 
muscle regeneration (6) and are antagonists of myostatin, an- 
other TGFjS family member that plays a key role in regulating 
skeletal muscle growth. Alfiiough originally thought to be skel- 
etal muscle specific, myostatin has recently been shown to be 
up-regulated in fiie heart after myocardial infarction (7), to 
block cardiomyocyte gi-owfii in vitro (8), and to have a devel- 
opmental profile consistent with regulation of perinatal cardiac 
muscle gi-owtii (9). In confi-ast, the expression and role of fol- 
listatiiis in the adult heart has remained unexplored, although 
recent reports have described expression during early heart 
development in chick and mouse (10-12). We hypothesized 
that follistatins may be altered in heart failure and thereby 
contribute to altered signaling. Here, we examine the expres- 
sion of FST, FSTLl, and FSTL3 in normal and failing heart and 
after recovery from heart failure using a combination of real- 
time PCR, microarray, and immimoc5^ochemical analysis. 

Materials and Methods 

Myocardial samples 

Samples were obtained after informed coi\sent and with the approval 
of the Royal Brompton and Harefield Research Ettiics committee, and 
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the study conforms with the principles outlined in the Declaration of 
Helsinki. All patients had dilated cardiomyopathy without histological 
evidence of myocarditis. Left ventricular myocardium was collected at 
the time of surgical LVAD implantation (implant, n = 27) in patients 
with end-stage heart failure. These samples therefore represent a cohort 
of end-stage heart failure samples. Biopsies were also obtained from 
donor hearts with good hemodynamic function and used for transplan- 
tation. These samples therefore represent normal myocardium (donor, 
n = 9). For the specific analysis of myocardial recovery, samples were 
obtained from patients at the time of implantation of the LVAD device 
(implant, n = 13). After recovery from heart failure, samples were taken 
at the time of LVAD removal (explant, n = 13) and again 1 yt after 
explant (explant + 1 yr, n = 9). Similarly, for patients who failed to 
recover after LVAD combination therapy, samples were taken at LVAD 
implantation and LVAD explantation of the device (implant and ex- 
plant, respectively, n = 5) (2). 

Real-time PCR 

Total RNA was extracted from frozen samples using RNeasy mini 
columns (QIAGEN, Crawley, UK), deoxyribonuclease- treated, and 
used in reverse transcription reaction with random priming (Applied 
Biosystems, Warrington, UK) as described (13). Real-time PCR was 
performed using the following off-the-shelf TaqMan assays (Applied 
Biosystems): human FST (Hs00246260_ml), FSTLl (Hs00200053_ml), 
FSTL3 (Hs00610505_ml), INHBA (Hs00170103_ml), INHA (Hs00171410_ml), 
CD31 (Hs00165276_ml), and ACTAl (Hs00559403_ml) and rat Est 
(Rn00561225_ml), FstU (Rn01474870_ml), and Fstl3 (Rn00586203_ml). 

The primers used for the BNP PCR were 5'-gaggaagatggaccggatca-3' 
and 5'-tgtggaatcagaagcaggtgtct-3', and the FAM-labeled probe was 5'- 
cagcactttgcagcccaggcca-3'. Data were analyzed using the comparative 
cycle threshold method normalizing to 18S rRNA and presented as 
mean ± sd. Paired or unpaired t tests assuming unequal variance were 
used to test for significant changes between the patient groups, and 
Spearman's rank test was used to identify correlations between genes. 

Immunohistochemistry 

Myocardium from transplant donors and heart failure patients was 
embedded in OCT and frozen in liquid nitrogen. Frozen sections (5 /nm) 
were fixed in acetone, washed in PBS, and blocked with 0.3% H2O2 in 
PBS for 10 min followed by 3% BSA in PBS for 30 min. Sections were 
incubated separately for 1 h with antibodies against FST, FSTLl, and 
FSTL3 (a 1 1 a 1 1 :50 dilution; R&D Systems, Minneapolis, MN) followed by 
biotiny lated goa t antimouse Ig for FST and FSTLl or biotinylated rabbit 
antigoat diluted for FSTL3 (1:250; Vector Laboratories, Burlingame, CA) 
and avidin-biotin complex (Vector). Reactivity was detected using dia- 
minobenzidine tetrahydrochloride (Sigma Chemical Co., St. Louis, MO; 
25 mg/ml) and hydrogen peroxide (0.01% wt/vol). Sections were then 
counterstained with hematoxylin. The specificity of the antibodies was 
tested by Western blot analysis (supplemental Fig. 2, published as sup- 
plemental data on The Endocrine Society's Journals Online web site at 
http:/ /endo.endojoumals.org). 

Microarray analysis 

RNA (n = 16) was isolated from paired implant and explant samples 
from six recovery and two nonrecovery patients. cRNA synthesis and 
array hybridization were performed as previously described on the 
Affymetrix HG-U133A gene chip (14) and data analyzed using the 
Genespring 7.2 suite (Agilent, Santa Clara, CA). For the generation of 
gene expression correlation lists, all 16 samples were normalized against 
the eight implant samples together and then interpreted as individual 
samples. The expression profile of each FST gene was compared with 
that of every other gene in the array, and lists of 100-150 genes showing 
correlation with the lowest P values were generated. These correlation 
lists were compared with other correlation lists and to preexisting gene 
ontology (GO) lists, distributed into three categories: biological process, 
molecular function, and cellular compartment. Those with a similarity 
P value < 0.005 and more than three genes in common with the FST list 
were selected. The P value represents the probability that genes ap- 
pearing in both lists at the same time do so by chance. For each selected 
GO list in each category, the number of genes in common with the FST 



list was represented as the percentage of genes compared with the total 
number of common genes in all the lists represented. 

Experimental pressure overload 

Pressure overload hypertrophy was induced by thoracic aortic band- 
ing as previously described (15) with an increase in the left ventricular 
mass index of 49.7 ± 5.1% compared with sham-operated animals. Total 
RNA was prepared from left ventricular free wall and analyzed by 
real-time PCR as above. 

Results 

We examined the expression levels of FST, FSTLl, and 
FSTL3 in myocardial samples of end-stage heart failure and 
from healthy donors and found that both FSTLl and FSTL3 
were elevated in heart failure, whereas FST expression was 
unchanged (Fig. 1). Analysis of activin (A subunit, INHBA) 
and inhibin (INHA) expression showed no difference be- 
tween end-stage heart failure patients and healthy donors 
(supplemental Fig. 1). In addition, the expression of myo- 
statln was examined and found to be below reliably detect- 
able levels by quantitative PCR (data not shown). To confirm 
that up-regulation of FSTLl and FSTL3 is a general feature 
of heart failure, we further analyzed the expression of the 
three FST molecules in a rat model of pressure overload- 
induced hypertrophy. As shown in Fig. ID, both FSTL3 and 
FSTLl, and to a lesser extent FST, were strongly induced 3 
wk after thoracic aortic banding, compared with sham-op- 
erated rats. 

To determine their cellular distribution, sections of myo- 
cardium from both donors and heart failure patients were 
stained with antibodies specific for FST, FSTLl, and FSTL3 
(Fig. 2). FSTLl and FSTL3 staining was clearly seen in myo- 
cytes, the major cell t5^e present in myocardium. Consistent 
with the gene expression data, staining of FSTLl and FSTL3 
proteins was significantly more intense in heart failure sam- 
ples compared with donors. Both FSTLl and FSTL3 were also 
evident in vascular endothelial cells of capillaries and small 
vessels within the myocardium. FSTLl was also present in 
smooth muscle cells of larger vessels (Fig. 2F). Neither FSTLl 
nor FSTL3 were present in interstitial cells (fibroblasts) in the 
sections examined. In contrast, FST expression was evident 
in both perivascular interstitial cells (fibroblasts) and vascu- 
lar endothelial cells but was not evident in cardiac myocytes. 

Because their expression was elevated, we looked for cor- 
relation between the expression of FSTLl and FSTL3 and 
expression of other molecular markers within the heart fail- 
ure group. FSTL3 correlated positively with both skeletal 
a-actin (ACTAl) and brain natriuretic protein (BNP), both 
markers of heart failure disease severity (Fig. 3). In contrast, 
FSTLl levels showed a negative correlation with skeletal 
a-actin, suggesting contrasting roles for FSTLl and FSTL3 in 
the failing heart. FSTLl levels also showed positive correla- 
tion with the endothelial cell marker CD31, suggesting a 
potential link with extent of vascularization. 

Given the elevation of FSTLl and FSTL3 in heart failure 
patients, we further examined expression levels in the special 
case of myocardial recovery from heart failure in a group of 
patients who received a combination of mechanical unload- 
ing (LVAD) and pharmacological therapy (2). Here, paired 
myocardial samples were available from failing hearts taken 
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Fig. 1. FSTLl and FSTL3 expression is induced in 
heart failure. FST (A), FSTLl (B), and FSTL3 (C) ex- 
pression was determined using real-time RT-PCR in 
myocardial samples from donor hearts (Donor, n = 9) 
and heart failure patients (HF, n = 27). Results are 
expressed in relative units, and the P value (nonpara- 
metric unpaired t test) is given for each comparison. D, 
Fst, Fstll, and Fstl3 expression was analyzed in rat 
heart 3 wk after thoracic aortic banding (.black bars) or 
sham operation (.white bars). *,P< 0.05; **, P < 0.005; 
***, P < 0.0005 (parametric unpaired t test, n = 7). 
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at the time of LVAD implantation (Implant) and resampled 
from the same heart after treatment (Explant and Explant + 
1 yr). In patients who recovered, levels of both FSTLl and 
FSTL3 returned to normal (Fig. 4, A-C). Samples were also 
available from five patients who failed to recover. Although 
the number of cases is small, we saw no significant change 
in FST, FSTLl, or FSTL3 during treatment (data not shown). 
However, it was noted that patients who did not recover had 
significantly higher level of expression of FSTL3 at the time 
of LVAD explant compared with recovery patients (15.44 ± 
3.33 cf. 10.15 ± 5.2, P = 0.05), further indicating the associ- 
ation of elevated FSTL3 with heart failure. Expression levels 
of FSTLl and FSTL3 in recovery patients were also compared 
with available clinical data (2). From this it became apparent 
that higher FSTLl levels at the time of LVAD implant cor- 



FlG. 2. Cardiac immunochemical staining of FST, 
FSTLl, and FSTL3 in sections of normal and failing 
hearts. Myocardial tissue from donors (A-D) and heart 
failure patients (E-L) was fixed, sectioned, and incu- 
bated with antibodies specific for FST, FSTLl, or FSTL3 
(or no primary antibody as a negative control), followed 
by biotin-conjugated secondary antibodies and horse- 
radish peroxidase-avidin. Multiple fields of view were 
examined, and those including small myocardial vessels 
were chosen to illustrate the range of cellular staining 
(A-H, X20; I-L, X40). FST immunostaining was ob- 
served in fibroblasts, smooth muscle cells, and endothe- 
lium (E and I); FSTLl in myocytes, endothelium; and 
smooth muscle cells (F and J); and FSLT3 in myocytes 
and endothelium (G and K). FSTL3 staining was also 
evident in nuclei of cardiac myocytes (arrowheads in G 
and K). C, Cardiac myocyte; E, endothelium; F, fibro- 
blast; SM, smooth muscle cell. Bar, 100 /jm. The spec- 
ificity of each antibody was verified by Western blot 
analysis (supplemental Fig. 2). 



related with significantly higher ejection fraction measured 
after treatment (Fig. 5), suggesting initial levels may have an 
intluence on long-term outcome. FSTL3 showed an opposite 
trend, although the correlation was not significant. 

To gain further insight into their potential physiological 
role in the heart, we analyzed microarray data on paired 
myocardial samples taken from patients at the time of LVAD 
implant and again at explant (14). We compiled lists of genes 
whose overall expression correlated with FST, FSTLl, or 
FSTL3 and compared these to preexisting GO lists (supple- 
mental Table 1 and Fig. 3). Expression of both FST and FSTLl 
correlated with genes encoding extracellular matrix constit- 
uents, adhesion molecules, genes expressed during embry- 
onic development, and those encoding calcium-binding pro- 
teins. It is noteworthy that the lists of genes correlating with 
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Fig. 3. Correlation between the expression of FSTLl - 0 _^ - s 

and FSTL3 with different markers in heart failure. Lev- S 1 S 3 0,^J 0,J> 5.0 Is 

els of FSTLl, FSTL3, ACTAl (a-skeletal actin), CD31 AejAl (SsifSJWe fcJitJr«SS!0«) aX:1 iR^H!;V« t-.vcr.-s.s..: 

(PECAM), and BNP expression in myocardial samples p 

from heart failure patients were determined by real- ^ g^, £}-{J(J'*02 '^C 

time RT-PCR, and the Spearman correlation between "g s - ^ ' 

the different markers was analyzed. § ^'^^ * f 40 -s ^^ 



FST and FSTLl are highly similar (P < 10 ^^), suggesting 
they are involved in similar biological functions despite their 
contrasting cellular compartmentalization. In contrast, 
FSTL3 showed a distinct correlation profile associating par- 
ticularly with genes encoding nuclear proteins and involved 
in cell signaling and transcription regulation (supplemental 
Fig. 3, G-i). it was also apparent that tlie list of FSTL3- 
correlating genes was similar to that of genes correlating with 
BNP (P < 10 ~'^) in agreement with the real-time PGR data 
across the whole of the recovery group. Gonsistent with the 
results of immunocytochemistry, the list of genes correlating 
with FST showed strong similarity to that correlating with 
the fibroblast marker Thy-1 (P < 10"^®), and the list of genes 
correlating with FSTLl showed strong similarity to that cor- 
relating with a-smooth muscle actin (a-SMA; P < 10""°). 

Discussion 

Follistatins have previously been implicated as regulators 
of the activin signaling pathway in muscle development, 
principally through their ability to inhibit myostatin, a pow- 



erful negative regulator of growth. Follistatins have also been 
directly linked to tissue regeneration after injury in both 
skeletal muscle (6) and liver (16), making them interesting 
potential targets for myocardial repair. Despite this, the role 
of FST and FST-related genes in heart failure and their ability 
to influence repair and recovery of injured myocardium has 
to date been unexplored. The data reported here show that 
FSTLl and FSTL3 are up-regulated in heart failure and return 
to normal after myocardial recovery. Their respective ex- 
pression profiles and tissue distribution suggest contrasting 
roles in the heart. Both FSTLl and FSTL3 were up-regulated 
in cardiac myocytes in the failing heart with expression also 
evident in endothelial cells and, in the case of FSTLl, in 
smooth muscle cells. In contrast, FST was not seen in myo- 
cytes but was localized to fibroblasts and endothelial cells 
and did not change in failure. 

Follistatins may have beneficial effects in heart failure 
because they are antiinflammatory by virtue of their ability 
to down-regulate activin signaling. Activin is elevated in 
systemic inflammation (3), has been shown to be elevated in 



-it 



Fic. 4. FSTLl and FSTL3 expression is normalized in recovery. FST (A), FSTLl (B). and FSTL3 (C) expression was determined using 
quantitative real-time RT-PCR m myocardial samples from donor hearts (n = 9) and from heart failure recovery patients at the time of LVAD 
implant (Implant, n = 13). at the time of LVAD explant (Explant; n = 13), and again 1 yr after explant (Explant -H 1 yr, n = 9). Results are 
expressed m relative units, and the P value is given for each comparison (paired t test for comparison of each patient at different time points; 
unpaired t test for comparison with the donor group). The difference between the means of the Explant H- 1 3fr group and the donor group was 
not significant both for FSTLl and FSTL3. 
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Fig. 5. The levels ofFSTLl at LVAD implant correlate with ejection 
fraction after recovery. FSTLl levels in myocardial samples from 
heart failure patients (n = 13) taken at the time of LVAD implant 
were determined by real-time RT-PCR and correlated with their ejec- 
tion fraction (EF, percent) measured using M-mode echocardiography 
before the explant (with the LVAD device off for 15 min before mea- 
surement; n = 12) and again at 1, 2, and 5 yr after LVAD explant (n = 12, 
n = 13, and n = 9, respectively), using Spearman's correlation test. 

an ischemic model of heart failure hi rats (4), and has negative 
effects on cardiac myocyte myofibrillogenesis (5). We did not 
detect a difference in myocardial activiii expression between 
the end-stage (dilated cardiomyopathy) and donor samples 
analyzed here, suggesting that expression may be altered by 
ischemia rather than heart failure per se. Increased FST ex- 
pression may act to reduce overall activin signaling in the 
myocardium. In this respect, it is also noteworthy that both 
FST and FSTL3 are themselves up-regulated by both activin 
and TGFjy via SIVIAD activation in a negative feedback loop 
limiting activin signaling (17). FoUistatins may also act 
through their ability to inhibit myostatin. For example, myo- 
statin is known to inhibit development and growth in skel- 
etal muscle, and inhibition by FST or loss of activity results 
in enhanced regeneration and reduced fibrosis after injury 
(18). Whether similar mechanisms fimction within the heart 
is currently unclear. Recent reports have suggested that myo- 
statin is expressed during cardiac development (9) and that 
it may be up-regulated in heart failure (7, 8, 19), although its 
role in adult heart remains unclear (8, 19). In the samples 
analyzed here, myocardial levels of myostatin were very low 
or below detection, and no clear changes were evident in 
heart failure patients. FoUistatins may also act by modulating 
BMP signaling. We examined our array data of paired sam- 
ples at implant and explant and found no evidence of altered 
BMP gene expression at either high (intersect of paired and 
unpaired t test analysis, P < 0.01) or medium (paired t test, 
P < 0.01) stringency (14). 

Their cellular distribution and expression profiles suggest 
contrasting roles within the myocardium. FST and FSTLl 
appear to be associated with the extracellular matrix com- 
partment and protein-binding functions. Although im- 
changed in heart failure overall, FST expression was asso- 
ciated with fibroblast markers and extracellular matrix 
proteins and regulators, suggesting that it may still play a 
role during the remodeling process. FSTLl expression was 
associated with extracellular matrix genes. FSTLl also shares 
structural similarity with secreted protein acidic, rich in cys- 
teine (SPARC, also known as osteonectin/BM-40) (20), a 
matricellular protein involved in cardiac development and 
woimd repair that regulates cell-extracellular matrix inter- 



actions (21). In the samples analyzed here, the list for FSTLl 
showed high similarity with those of matricellular proteins 
such as SPARC (P = 3.91 X lO"'""*) and hevin (P = 3.68 X 
10"^°), suggesting that they may be involved in similar func- 
tions. In this regard, matricellular proteins play a key role in 
wound healing and can have both positive and negative 
effects on angiogenesis (21). Interestingly, SPARC cleavage 
by metalloproteinases results in the release of peptides from 
its FST domain that stimulate angiogenesis (22). The notable 
association between FSTLl and CD31 in the heart failure 
patients, together with the localization of FLSTl in endothe- 
lial cells, suggests that it may have a similar role in angio- 
genesis. Both inflammatory and antiinflammatory roles have 
been proposed for FSTLl (23, 24), but we found no evidence 
of significant correlation between the list of FSTL 1-associated 
genes and markers of inflammation. This, together with the 
association with extracellular matrix-related genes suggests 
the principal role for FLSTl in heart failure relates to extra- 
cellular matrix and cell adhesion regulation. An intriguing 
observation from the data presented here is the correlation 
of FSTLl levels at implant with subsequent ejection fraction 
measured after recovery, suggesting a beneficial effect of 
initial FLSTl on outcome. The mechanisms of such an effect 
remain unknown but may involve modulation of the re- 
sponse to the combination therapy protocol, such as a pre- 
disposition of the extracellular matrix to repair mechanisms. 
Although the mechanisms of such an effect remain un- 
known, recent data suggest that FSTLl exerts a protective 
role on the myocardium, reducing the infarct size after isch- 
emia-reperfusion injury in rodents (25). Of note, the anti- 
apoptotic effect of FSTLl is mediated by phosphatidylino- 
sitol 3-kinase and ERK signaling pathways, resembling the 
prosurvival effect of SPARC (26). Thus, up-regulation of 
FSTLl in human heart failure may represent a compensation 
mechanism elicited by the heart to contain the damage. 

FSTL3 expression in the adult is enriched in heart, lung, 
and kidney (3), and FSTL3 knockout mice have multiple 
abnormalities including hypertension and increased heart 
weight to body weight ratio (27). In the heart failure patients 
studied here, myocardial FSTL3 was elevated, and levels 
correlated with «-skeletal actin and BNP, both markers of 
disease severity. Unlike FST and FSTLl, the expression pro- 
file of FSTL3 on microarray shows a clear association with the 
nuclear compartment and with genes involved in signaling 
and transcription. This is consistent with previous studies 
that have noted that FSTL3 can be found in both the nucleus 
and cytoplasm of cell lines in addition to being secreted (28) 
and with the observation that FSTL3 nuclear labeling was 
detected in myocytes in the experiments presented here. 
Taken together, these observations raise an intriguing po- 
tential link between extracellular matrix signaling and car- 
diac myocyte gene regulation orchestrated by altered local 
FST expression. 

In conclusion, our data show for the first time that elevated 
expression of the FST-related genes FSTLl and FSTL3 is a 
feature of heart failure and that this is reversed on myocar- 
dial recovery after combination therapy. The expression pro- 
files and cellular localization of FST, FSLTLl, and FSTL3 
argue for differing fimctions within the myocardium with 
FST and FSTLl associated mainly with extracellular matrix 
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and protein binding, whereas FSTL3 was associated with the 
nucleus and gene regulation. The data point to new potential 
targets for therapeutic intervention in the treatment of heart 
failure. 
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